Meeting the regulatory discharge standards for pulp and paper mill wastewater has become ever more difficult because of its recalcitrant and colored dissolved organic matter (DOM). In this study, the variation of DOM from the secondary effluent of pulp and paper mill wastewater before and after coagulation was investigated based on hydrophobicity/hydrophilicity, apparent molecular weight (MW) and fluorescence. DOM fractions of the secondary effluent were all with the apparent MW <20 kDa. Particularly, the hydrophobic acids (HOA) fraction, mainly composed of humic-like materials, was the major component, and it also had the highest color and SUVA 254 (UV 254 to dissolved organic carbon ratio). Hydrophilic bases (HIB) and hydrophilic neutrals (HIN) fractions were the other important parts besides HOA. Coagulation can remove all DOM fractions to different extent, and it was more effective for organic compounds with MW > 5 kDa. The removal efficiencies of humic-like, fulvic-like and soluble microbial by-product-like constituents in HOA and HIB fractions were much higher than in other fractions. Even so, the coagulation effluent still contained large amounts of contaminants with complicated fluorophores and apparent MW <5 kDa, and HOA and HIN fractions were also the major parts in the coagulation effluent.
INTRODUCTION
The pulp and paper industry is water-intensive, and produces equally large amounts of wastewater. In general, the wastewater is characterized by dark-brown color, high turbidity and high loads of organic matters, such as lignin derivatives, resin acids, tannins and free long-chain fatty acids. Traditionally, pulp and paper mill wastewater is pretreated by equalization, filtering, clarification and cooling, which is followed by secondary biological treatment, such as anaerobic, aerobic and their combination processes (Suvilampi & Rintala ; Kamali & Khodaparast ; Larsson et al. ) . However, the biological processes are not efficient in removing large amounts of compounds that are inhibitory or recalcitrant to microorganisms, and worse, color commonly increases in aerobic treatment.
In order to fulfill stringent discharge standards, tertiary treatment has been introduced to remove bio-refractory contaminants. Among various processes, coagulation process is a preferred method for removing color and turbidity of the pulp and paper mill wastewater (Pokhrel & Viraraghavan ) . However, most of the reported research work used it as pretreatment, or even a principal treatment process (Stephenson & Duff ; Chaudhari et al. ; Lewis et al. ) . In recent years, coagulation has been gradually used as an advanced process for pulp and paper mill wastewater treatment. The coagulation factors, such as coagulant type, dosage, pH and mixing conditions have drawn wide attention, and the removal efficiencies were usually characterized by chemical oxygen demand (COD), color, turbidity and suspended solids (SS) (Buzzini et al. ; Liu et al. ) . These parameters cannot give any idea about the intrinsic nature of dissolved organic matter (DOM) in the wastewater, and also cannot accurately assess the process characteristics.
In general, DOM is a heterogeneous mixture of aromatic and aliphatic organic compounds containing oxygen, nitrogen, and sulfur functional groups (Chen et al. ) .
Hydrophobicity/hydrophilicity and molecular weight (MW) distribution are the fundamental properties of DOM. Hydrophobic constituents in pulp and paper mill wastewater are abundant in high MW organics and recalcitrant to microbial degradation, such as lignin and tannins, while hydrophilic constituents are usually include low MW organics derived from lignin derivatives, carbohydrates, hemicelluloses and protein-like materials. Resin fractionation, size-exclusion chromatography (SEC) and fluorescence spectroscopy were three important methods employed to provide informative chemical properties of DOM in pulp and paper mill wastewater treatment in recent years (Antony et al. ; Lewis et al. ; Bassandeh et al. ) . However, there were very few studies concerning the DOM variations of coagulation treatment on the secondary treated pulp and paper mill wastewater.
The aim of this study is to investigate the character change of DOM in the secondary treated pulp and paper mill wastewater before and after coagulation treatment. Resin fraction, SEC and fluorescence excitation-emission matrix (EEM) spectrum were employed to better understand the hydrophobicity/hydrophilicity, molecularity and fluorophores of DOM, and also to evaluate the performance of coagulation on pulp and paper mill wastewater advanced treatment. Furthermore, the detailed understanding of DOM would be beneficial to the selection and design of a suitable tertiary treatment process.
MATERIALS AND METHODS

Wastewater source
Secondary effluent was collected from a regenerated papermaking and wood pulping mill in northern China. The plant has two treatment systems with the same process: one system receives the wastewater from the recycling of waste-paper pulp and the other receives the wastewater from poplar pulp. The wastewater was firstly treated by a collecting tank and an oblique net for pulp recovery, and then treated by a biochemical process which consists of primary sedimentation, anaerobic acidification and low-sludgeload extended aeration.
The general characteristics of the samples are shown in Table 1 . Samples were refrigerated by an ice bag and immediately carried back to the laboratory. In the case of not being able to carry out immediate analyses, samples were filtered through a pre-rinsed cellulose filter with pore size of 0.45 μm, and filtrates were collected in brown glass bottles and always kept under refrigeration at 4 W C.
Coagulation experiments
The coagulation experiments were carried out with a sample volume of 1,000 mL in a jar test on a six combined agitator (model MY3000-6M, Meiyu, China). Fe 2 (SO 4 ) 3 (analytic reagent, Sinopharm Chemical Reagent, China) was used as the coagulant because it is widely used in China for pulp and paper mill wastewater treatment. The coagulant and the wastewater were vigorously mixed at a stirrer speed of 200 rpm for 5 min to facilitate the contact between the constituents present in solution, followed by slow mixing for 10 min at 50 rpm to form settleable flocs, and then settled for 30 min to enable precipitation. The test was performed at varying coagulant doses and pH for optimization. The samples used for DOM analysis were taken under the optimized conditions (Fe 3þ dosage was 320 mg/L, pH ¼ 8) and the pH of the coagulated effluent was adjusted to neutral.
DOM fractionation
Nonionic Supelite XAD-8 resin, cation exchange resin Dowex Marathon MSC(H), and anion exchange resin Duolite A-7 were the resins used for DOM fractionation. All resins were cleaned before use. The samples were separated into six fractions: hydrophobic acids (HOA), hydrophobic bases (HOB), hydrophobic neutrals (HON), hydrophilic acids (HIA), hydrophilic bases (HIB) and hydrophilic neutrals (HIN), following the procedure modified by Zhang et al. () . The six fractions were diluted to the original sample volumes with Milli-Q water.
Apparent MW distribution analysis
Size-exclusion chromatography of the fractions was carried out using a high performance liquid chromatography system (Shimadzu, Japan) with a UV detector (SPD-M20A, Shimadzu, Japan) coupled to two combined gel columns (a TSK-GEL G3000PWXL column and a TSK-GEL G2500PWXL column) at 40 W C. Mobile phases were composed of Milli-Q water buffered with phosphate (0.0024 M NaH 2 PO 4 and 0.0016 M Na 2 HPO 4 ) and 0.025 M sodium sulfate. MW standards consisted of polyethylene glycol (330, 700, 1,050, 5,250, 10,225 and 30,000 Da) and acetone. The flow rate was 0.5 mL/min and the injection volume was 100 μL.
EEM
Fluorescence spectra of fractions were recorded using a fluorescence spectrophotometer (model F-7000, Hitachi, Japan). To obtain the EEM spectra, excitation wavelengths were increased gradually from 220 to 450 nm at 5 nm steps; for each excitation wavelength, the emission wavelength from 280 to 600 nm was detected at 1 nm step. Inner filtration effects observed for the colored samples were managed by appropriate dilution prior to fluorescence analysis. Fluorescence spectra of Milli-Q water were subtracted to eliminate water Raman scattering and second-order Rayleigh scattering. The contour maps were plotted by the EEM. Fluorescence regional integration (FRI) method was employed to calculate the volume of certain regions in the EEM spectra according to Chen et al. () .
Analytical methods
COD, ammonium and SS were analyzed following Standard Methods (APHA ). Dissolved organic carbon (DOC) was determined with a Shimadzu TOC-5000A analyzer. UV-visible (UV-Vis) spectra were recorded on a Shimadzu UV-2401PC UV-Vis spectrophotometer in a 1 cm pathlength quartz cell. Color was identified with a XINRUI SD-9011 color analyzer. A bench-scale pH meter (Mettler Toledo pH meter FE20) was used for pH measurements. Measurements were performed in triplicate.
RESULTS AND DISCUSSION
General characteristic of wastewater before and after coagulation treatment
The general parameters analyzed for the secondary effluent of pulp and paper mill wastewater before and after coagulation treatment are shown in Table 1 . There were several parameters of the secondary effluent giving values beyond the national discharge limit range of China (COD, color and SS). The high COD value indicated that large amounts of bio-recalcitrant organic matters remained in the secondary effluent. It also can be found that the color of the secondary effluent was rather deep; this situation might suggest that biological treatment was not efficient in removing some chromophores, or that some organic substances were converted into smaller chromophoric units rather than being mineralized (Lewis et al. ) . COD, DOC, color and SS were obviously removed by coagulation, and the average removal efficiencies were 83%, 85%, 94% and 51%, respectively. Thus, the internal constituents of the wastewater had changed significantly. However, NH 4 þ showed almost no change during the treatment.
DOC, color and SUVA 254 of DOM fraction distributions DOC, color and SUVA 254 (specific ultraviolet absorbance at 254 nm) distribution before and after coagulation treatment are presented in Figure 1 . For the secondary effluent, hydrophobic components collectively accounted for more than 60% of the DOC, where HOA fraction was the dominant part. HIB and HIN fractions were the two main parts for hydrophilic components. It also can be found that the color of the HOA fraction was much darker than other fractions, indicating that it played a main contribution to the color of the secondary effluent. The DOM fractions exhibited significant differences in DOC and color when treated by coagulation. In general, hydrophobic organics were more effectively removed by coagulation compared with the hydrophilic (Matilainen et al. ) . Obviously, HOA and HIB fractions were removed efficiently, and the removal efficiency of DOC reached 79% and 86%, respectively. The decrease of color of these two fractions were also separately up to 96% and 90%. These results indicate that removal of contaminants may not only depend on their polarities, but also relate to other factors, such as their MW distributions. Nevertheless, HOA and HIN fractions were still the most abundant components in the coagulation effluent.
SUVA 254 (100 × UV 254 /DOC) is usually used to estimate the degree of conjugation and aromaticity of DOM. Aromaticity has also been shown to be an important parameter for indicating the removability of DOM from water by coagulation (Wang et al. ) . Previous studies had demonstrated that coagulation was suitable for removing DOC with the SUVA 254 values more than 2 L/(mg·m) (Weishaar et al. ) . SUVA 254 values of HOA and HIB both were more than 2 L/(mg·m). Thus, these two fractions were more efficiently removed by coagulation than other fractions. This assumption was consistent with the DOC removal results. Conversely, SUVA 254 values of HOB and HIN fractions increased obviously. This may be due to DOC in the two fractions were greater reduction compared with UV absorbing compounds, and these fractions with small aromatic structures should be paid more attention in the coagulation effluent (Lewis et al. ).
Apparent MW distributions of DOM fractions
SEC chromatograms of DOM fractions before and after coagulation treatment are illustrated in Figure 2 . It can be found that all DOM fractions of the secondary effluent were mainly with the apparent MW <20 kDa. Particularly speaking, HOA fraction was characterized by a notably broad MW distribution and consisted mostly of large molecules with high UV 254 absorption. The key peaks at approximately 30.81, 31.40, 32.48, 33.73 and 36 .58 min corresponded to 8.1, 6.5, 4.4, 2.8 and 1 kDa, respectively, which were the typical characteristics of humic/fulvic substances and aromatic molecules (Liu et al. ) . This may be related to the lignin and its derivatives remaining in the secondary effluent. It also may be found that the peak intensities of each fraction were obviously different. HOB, HON and HIA fractions were obviously lower than other fractions, indicating that the UV 254 active organic species contained in those components were relatively less. After coagulation treatment, peak intensity of each DOM fraction decreased at different degrees, and the apparent MW distribution ranges were also obviously narrowed. In order to determine the change of molecular size distributions of each fraction intuitively, peak areas (expressed as absorption units × seconds, AU × s) as a semi-quantitative method were employed in SEC analysis (Myllykangas et al. ; Lepane et al. ) . The chromatograms were divided into four molecular size fractions: >5, 3-5, 1-3 and <1 kDa, and the areas of the respective parts were calculated.
It can be found that the removal efficiencies of the UV 254 active organic species declined with the decrease of MW (Figure 3) , with the exception of HOB and HIA fractions in the range of <1 kDa. HOA and HIB fractions presented higher removal efficiency than other fractions, especially in the range of <5 kDa. Furthermore, the organic species in the range of >5 kDa were removed dramatically, clearly indicating that the removal of organic matters by coagulation was related to MW. This was because the metal hydroxide polymers formed by iron cations had a strong tendency to react with a number of ligands, especially with polar molecules and with oxygen-containing functional groups such as hydroxyl or carboxyl groups, and led to charge neutralization (Stephenson & Duff ) . Lignin and its derivatives had a number of hydroxyl groups which were sufficient to act as a reaction site (Hatakeyama & Hatakeyama ) . Finally, these high MW organic matters were primarily removed by precipitation, and the color of the wastewater declined noticeably.
However, it should be emphasized that the UV absorption detector with SEC exhibited low response to some small molecules with a lack of aromatic structures at a certain wavelength (Leenheer & Croue ) . The secondary effluent of pulp and paper mill wastewater usually contained a substantial amount of non-UV-absorbing DOM such as carbohydrates and aliphatic compounds, Therefore, the measurements with SEC methods may be unable to represent the overall molecular size distribution of the DOM fractions.
Fluorescence EEM spectra analysis of DOM fractions
The fluorescent natures of DOM fractions before and after coagulation were characterized through EEM spectra. The results are shown in Figure 4 . The EEM spectra were divided into five regions according to Chen et al. () and Leenheer & Croue () .
For DOM fractions of the secondary effluent, distinctive peaks in Region V were visible in HOA (fourfold diluted), HIB and HIN fractions, indicating humic-like materials existed. Meanwhile, a sub-peak was also observed in HOA fraction at λex/λem ¼ 255-300/405-460 nm which was expected to be contributed by lignin and its derivatives or chemicals used in pulping and papermaking processes (Antony et al. ) . The double-peak patterns of EEM spectra were often reported in pulping effluent, and usually considered as the components that remained nonbiodegradable (Bassandeh et al. ) . HIB and HIN fractions also presented intensive peaks in Region III, suggesting fulvic-like materials were included in these two fractions. As for HOB, HON and HIA fractions, the fluorescence centers were difficult to determine, and the fluorescence intensities were relatively weak. So, the EEM spectra suggested that humic-like and fulvic-like materials contained in HOA, HIB and HIN fractions were the predominant components in the secondary effluent.
In order to make full use of all wavelength-dependent fluorescence intensity data from EEM spectra, FRI method was employed to further understand the removal of fluorophores by coagulation. The results are shown in Figure 5 . It can be clearly found that the fluorescence intensities for all regions decreased differently. For each fraction, Region V exhibited higher removal efficiencies than other regions except for HOB fraction, indicating that humic-like materials were more efficiently removed by coagulation, but there were significant differences in removal efficiencies among humic-like materials. HOA and HIB fractions showed the highest removal in Region V. Accordingly, the peak center locations in humic-like region of these two fractions showed a blue-shift of excitation wavelength. Blue-shift is usually associated with a reduction in the degree of the π-electron system, such as a decrease in the number of aromatic rings, and the elimination of certain functional groups such as carbonyl, hydroxyl and amine (Coble ) . Coagulation was also effective in removing soluble Figure 4 | Fluorescence EEM spectra of DOM fractions for the secondary effluent and the coagulation effluent. Region I is assigned to tyrosine-like, Region II is assigned to tryptophan-like, Region III is assigned to fulvic acid-like, Region IV is assigned to soluble microbial by-product-like, and Region V is assigned to humic acid-like materials. microbial by-product (SMP)-like and fulvic-like materials of HOA and HIB fractions, but not effective in removing tyrosine-and tryptophan-like materials. As for other fractions, coagulation did not exhibit high performance in all regions. Generally, humic-like materials usually have large MW, complex structure and high aromatic condensation. Coagulation would be more efficient in removing these materials (Amy et al. ) . Fulvic-like materials are more soluble, typically with smaller average MW, and higher oxygen content with higher carboxylic acid (COOH) and lower aromatic hydroxyl (ArOH) content than humic acids (Matilainen et al. ) . SMP-like materials also have larger MW. Tyrosine-and tryptophan-like materials are simple aromatic proteins with low MW, and such components are more difficult to destabilize by iron coagulation dosages. In any case, the coagulation effluent was still composed of complex constituents associated with humic-like, fulvic-like, SMP-like and simple protein-like compounds.
CONCLUSION
HOA fraction was the dominant component in the secondary effluent, accounting for the biggest DOC ratio and the deepest color, followed by HIB and HIN fractions. All DOM fractions of the secondary effluent were mainly with the apparent MW <20 kDa. The fluorescent components were mainly concentrated in HOA, HIB and HIN fractions, which were abundant in humic-/fulvic-like materials.
DOM fractions of the secondary effluent can be removed by coagulation with varying degrees, especially with MW >5 kDa. HOA and HIB fractions were effectively removed in all MW size fractions, and humic-like, fulvic-like and SMP-like constituents contained in them were also obviously eliminated. The removal efficiencies of DOC of HOA and HIB fractions were also higher than other fractions. This indicated that the removal of organics by coagulation was related to both their MW size distribution and polarities. However, HOA and HIN fractions were also the main components of DOC in coagulation effluent, which was mainly composed of constituents with complex fluorophores and MW <5 kDa.
